We simultaneously recorded local field potentials in the primary motor cortex and sensorimotor 19 striatum in awake, freely behaving, 6-OHDA lesioned hemi-parkinsonian rats in order to study the 20 features directly related to pathological states such as parkinsonian state and levodopa-induced 21 dyskinesia. We analysed the spectral characteristics of the obtained signals and observed that during 22 dyskinesia the most prominent feature was a relative power increase in the high gamma frequency 23 range at around 80 Hz, while for the parkinsonian state it was in the beta frequency range. Here we 24 show that during both pathological states effective connectivity in terms of Granger causality is 25 bidirectional with an accent on the striatal influence on the cortex. In the case of dyskinesia, we also 26 found a high increase in effective connectivity at 80 Hz. In order to further understand the 80-Hz 27 phenomenon, we performed cross-frequency analysis and observed characteristic patterns in the case 28 of dyskinesia but not in the case of the parkinsonian state or the control state. We noted a large 29 decrease in the modulation of the amplitude at 80 Hz by the phase of low frequency oscillations (up 30 to ~10 Hz) across both structures in the case of dyskinesia. This may suggest a lack of coupling 31 between the low frequency activity of the recorded network and the group of neurons active at ~80 32 Hz.
Introduction 2
The basal ganglia (BG) represent subcortical structures thought to be involved in action selection and 36 decision making (Redgrave et al., 1999; Grillner et al., 2005) . Dysfunction of the BG circuitry leads 37 to many motor and cognitive disorders such as Parkinson's disease (PD), Tourette's syndrome, 38 Huntington's disease, and obsessive compulsive disorder (Albin et al., 1989; DeLong, 1990 ; Singer electrophysiological recordings (synchronised via an external pulse generator; Master-8, AMPI).
143
The signals were divided into 2-s epochs ( Figure 1D ) and analysed separately during baseline 144 (referred to as the control state for the intact hemisphere and the parkinsonian state for the lesioned 145 hemisphere) and the peak period of L-DOPA-induced dyskinesia (starting from approximately 60 146 min post L-DOPA injection and referred to as the dyskinetic state for the lesioned hemisphere). The 147 same was done for the un-lesioned hemisphere after levodopa administration. Because no 148 corresponding changes were observed these data were not included in the figures. All epochs were 149 visually inspected for obvious artefacts prior to any analysis, and 50 epochs were extracted from each 150 of the recordings and each state. Furthermore, 50 Hz power-line components were removed and the 151 LFP data were then standardised for each of the electrodes by subtracting the mean and dividing by 152 the standard deviation (z-score). In order to quantify synchronisation between the cortical and striatal LFPs in the time domains we 156 first calculated the cross-correlation. The cross-correlation R depends on the time lag τ and is given Therefore, G-causality has been widely used to detect functional connectivity in neuroscience studies 186 (Ding et al., 2006; Seth, 2010; Barret et al., 2012; Seth et al., 2015) .
187
Simply put, a variable x is said to G-cause a variable y if the past of x contains information that 188 helps to predict the future of y over and above information already in the past of y (Barnett and Seth, by y (Geweke, 1982; Ding et al., 2006; Seth, 2010 
where matrix A is given as
which can be rewritten in the following form
where H is the transfer matrix that maps the amplitude and phase of the residuals to the spectral 199
representations of x and y. So, the spectral matrix S p can be given as
in which the apostrophe denotes the matrix complex conjugation and transposition, and Σ is the 201 covariance matrix of the residuals. The spectral G-causality (from j to i) is
where S ii (f) is the power spectrum of variable i at frequency f. 204 We here used this approach to obtain statistical measures on the primary directionality of 205 information transfer between different brain structures. We computed the spectral G-causality by In order to estimate cross-frequency coupling, we calculated the modulation index as described in The values in different groups were compared using the Mann-Whitney U test and a p-value < 0.05 226 was considered statistically significant.
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Results
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Cortico-striatal circuits in L-DOPA-induced dyskinesia 7 3.1. The dyskinetic state is related to high frequency oscillations and increased coherence 231 between the cortex and striatum at ~80 Hz 232 233
We first characterised and compared the LFPs during the different states by estimating the power 234 spectral density. Overall, we were able to confirm earlier findings (Halje et al., 2012) , i.e., we 235 observed an increase in power in the high beta band (20-30 Hz) when comparing the parkinsonian 236 state to the control state (Figure 2A and C). This power increase was present in both the MI and DLS 237 of the lesioned hemisphere, although it was more prominent in the DLS. In the time domain, we also 238 observed higher voltage fluctuations in both the MI and DLS of the lesioned hemisphere across 239 different electrodes and recordings ( Figure 1D ). In the dyskinetic state, these fluctuations were before L-DOPA administration, resembling healthy conditions).
251
Next, we calculated the coherence between the MI and DLS in order to obtain a frequency-domain 252 measure of the relationship between these two structures. In the parkinsonian state ( Figure 3A) we 253 observed an increase of coherence values for low frequencies (< 10 Hz) and the high beta band.
254
Those increased coherence values were not present in either the dyskinetic or the control state ( Figure   255 3B and 3C, respectively). In the dyskinetic state, a prominent peak coherence value could instead be 256 observed at 80 Hz ( Figure 3C ). Overall these results demonstrated the existence of strong cortico-257 striatal synchronicity at 80 Hz during L-DOPA-induced dyskinesia in all recordings ( Figure 3D ). between 50 and 1000ms ( Figure 4B ). In fact we saw increased values when we assumed that the 267 striatal signals were shifted forward in time compared to the opposite scenario. One explanation 268 could be that the cortical population is driving and the striatal population is lagging (however, see In a state where we know cortical activity causes striatal activity an analysis of directionality would 273 only confirm this fact. However, in awake behaving animals and in pathological states the main 274 directionality is generally not known and have been reported to depend on the frequency range investigated and even the amount of neuromodulators present (Williams et al., 2002) . It was therefore 276 relevant to conduct this analysis in the present study. We accordingly justify application of Granger 277 causality by highlighting that symmetric measures like the cross-correlation function in the time 278 domain and the coherence function in the spectral domain are not sufficient in studies that also aim to 279 identify directed "causal" interactions from time series data. Granger causality is a powerful 280 statistical method that provides a solution to this problem. 281 We evaluated G-causality in the parkinsonian state ( Figure 5A ), the dyskinetic state ( Figure 5B ) 282 and the control state ( Figure 5C ). In the parkinsonian state, we observed that effective connectivity is 283 bidirectional with a slight accent on striatal influence on the cortex in the high beta band. In the 284 dyskinetic state, we also found that connectivity was bidirectional with a specifically high increase at 285 ~80 Hz, which was again more pronounced from striatum to cortex. Finally, in the control state, we 286 observed that G-causality was generally lower and with no pronounced connectivity in neither the 287 high beta band nor the narrow frequency band at ~80 Hz. Overall, it seems that effective connectivity 288 in cortico-striatal circuits is dynamic and depends on the current network state.
289
During L-DOPA-induced dyskinesia, we found that the influence of the striatum over the cortex 290 increased most prominently around the 80-Hz peak between 75-85 Hz (Mann-Whitney U test, 291 p<0.001). In order to study this phenomenon in more detail, we selected all recordings with the same 292 number and position of electrodes ( Figure 1C ) present in both structures (n=7) and tried to access the 293 network topology in the frequency range 75-85 Hz and low frequencies for comparison ( Figure 6A ).
294
Whether two nodes (electrodes) interact or not were represented by a weighted graph, which 295 indicated the magnitude of each interaction given by the size of arrows. First, we assumed that the 296 cortex was the source (i.e., the cortex was driving striatal activity) and calculated the average 297 influence on the striatum over selected frequency bands ( Figure 6B ). Next, we assumed that the 298 striatum was the source and the same calculation was repeated ( Figure 6C ). Fixed, threshold (mean ± 299 SD of full averaged causal spectra) was used to establish the existence of a link between two 300 particular nodes. We generally observed that for the frequency band between 75 and 85 Hz, the node 301 strength (sum of connection values originating from the particular node) was significantly higher in 302 the case where the striatum was considered as a source (Mann-Whitney U test, p<0.001). In this case,
303
it is also worth to note the more heterogeneous network topology. Hz).
315
Contrary to the parkinsonian state where mutual interactions show no consistent structure ( Figure   316 7A), a characteristic pattern was observed in the dyskinetic state ( Figure 7B ). In this state, we have 317 seen a large relative decrease in the modulation of the amplitude at 80 Hz by the phase of low 318 frequency oscillations. We tested broad range of frequencies and the modulation of the amplitude at 319 80 Hz was just observed by the phase of low frequency oscillations (<13 Hz). The findings were very 320 robust and observed in each animal. We have also seen certain increase in amplitude around ~ 70-75 321 Hz followed then by sharp fall around 80 Hz, but there is quite a difference in the relative size of direction from the striatum to the cortex than vice versa (notably similar results have however 370 previously been reported for high-frequency oscillations following levodopa treatment between 371 cortex and STN; Williams et al., 2002) . This indicates that, in the dyskinetic state, the coupling in the 372 striato-thalamic loop via other BG nuclei is rather strong at ~80 Hz. In the control state, we observed 373 that G-causality was generally lower but still bidirectional, with more coherence being directed from 374 cortex to striatum. Any effect on movements and posture generated by lesions in one hemisphere 375 necessarily affect the other hemisphere. Further experiments will be necessary to address the role of 376 thalamic inputs to the striatum and generally the cortex-basal ganglia-thalamic loop in this case and it 377 may be better to use the same animals before and after drug application.
378
In order to further investigate the 80-Hz phenomenon, we analysed phase-amplitude coupling 379 between low and high frequencies before and after L-DOPA administration. How neural activity is 380 coordinated between different spatio-temporal scales is one of the most important questions in 381 neuroscience. It has been suggested that slow oscillations are necessary for network synchronisation 382 over large distances, whereas faster gamma rhythms serve to synchronise assemblies that encompass 383 neighbouring cells (Jensen and Colgin, 2007; Aru et al., 2015) . Therefore, gamma oscillations can 384 appear at a particular phase of an integration process of lower frequencies. Phase-amplitude coupling 385 has been investigated across different brain structures and is considered to have profound 386 implications for normal brain functions (Canolty et al., 2006; Jensen and Colgin, 2007; Tort et al., 387 2008; Cohen et al., 2009; Tort et al., 2009; Hemptinne et al., 2013) . Here, we report for the first time Hz. Recently, another study reported decreased coupling between the phase of the beta rhythms and 394 the amplitude of broadband activity in the primary motor cortex upon acute therapeutic deep brain 395 stimulation that correlates with a reduction in parkinsonian motor signs (de Hemptinne et al., 2015) .
396
Further experimental and modelling studies could reveal the underlying mechanism of the observed 
